Abstract-A realistic model is developed to predict the specific attenuation when electromagnetic signals propagate through dusty media (dust storms). The model is based on Mie approximation for the scattering of electromagnetic signal by a spherical particle. Variation of the dust particles dimensions is considered in this model. Reliable published values for dust dielectric constant are used for computations over the frequency range from 2 GHz to 100 GHz, (i.e., S-band, X band, K-band, Ka-band, Ku-band and W-band). The model outcome is compared with the results from other models suggested in literature. The effect of air humidity on specific attenuation is also investigated.
INTRODUCTION
Microwave signal propagation through a medium containing precipitation such as dust and sand is affected in terms of attenuation and cross-polarization. This problem attracts considerable interest recently, due to the increasing number of terrestrial and satellite links in the regions that encounter dust and/or sand storms as well as many radar applications at high frequencies [1] [2] [3] [4] [5] [6] . The general conclusion is achieved by different researchers that except in very rare instances, attenuation due to absorption and scatter is negligible for frequencies up to 30 GHz. Although severe dust/sand storms are not encountered frequently, in Sudan, they can result in severe alleviation of communication systems and unwanted clutter in radar systems operating at high frequencies [7] .
It is well known that the attenuation of the microwave signals in dusty media arises from two physical mechanisms, which are (i) absorption and (ii) scattering of energy of the suspended dust particles. However, at higher frequencies, the scattering mechanism becomes more severe [8] . The computations of these effects require knowledge of electrical properties of the scattering particles in addition to some other mechanical properties such as particle shape and size. Different researchers derived models to predict the dusty media scattering properties and specific attenuation [9] [10] [11] [12] [13] [14] . All models suffered from the lack of information about the dusty media dielectric constant and shape and size distribution of dust particles.
The main object of this paper is to derive a more realistic model for dusty media extinction (total cross-section efficiency factor) based on Mie solution. This model is used to determine and compute the specific attenuation at S-band, X-band, Ku-band, K-band, Ka-band and W-band, i.e., in the frequency range from 3 to 100 GHz.
In this work the term dusty medium is used to refer to air media with suspended dust particles with radii less than 60 microns [11] .
TOTAL CROSS-SECTION EFFICIENCY FACTOR
Two models are published in literature for the analytical solution of Maxwell equations under the boundary conditions of the scattering of an electromagnetic wave by spherical dielectric particles. These models are (i) Rayleigh approximation and (ii) Mie solution. Both models based on spherical particle geometry [8] .
Rayleigh model is derived from the assumption that ka < 1; i.e., the radius a of the dielectric particles is small compared with the wavelength, (k is the wavenumber = 2π/λ and λ the wavelength). The extinction or total cross-section efficiency factor in the Rayleigh Model (approximation) is given by [15] :
where ε is the dielectric constant (ε = ε + jε , and ε and ε are the real and imaginary parts of the relative dielectric constant of the particle respectively). Goldhirsh [16] developed a model for the total cross-section efficiency based on Raleigh approximation. In this model, the specific attenuation is given by:
where V is the visibility during the dust storm and γ a constant that depends on the distance from the point of origin of the storm, the type of soil and climatic conditions at the origin. γ = 1.07 is believed to be applicable to conditions in the Sudan [11] . Compared to Goldhirsh model in the present work a true distribution for the particle size distribution will be used. Generally in Raleigh model the fields inside the particle are not properly modelled, which may reduce the scattered field prediction accuracy. On the other hand, Mie solution does not face the limitation of particle size compared to the wavelength. Thus, this model is more suitable for predicting the scattering properties at high frequencies, although it needs more computing power. The present work tries to overcome this limitation by considering my approximation, especially at high frequency. Mie solution expresses the total cross-section efficiency (extinction), σ t , for a spherical dielectric particle by [29] :
The constants c 1 , c 2 and c 3 depend on the particle dielectric constant (ε = ε + jε ) and are given by:
As mentioned above in (3) and (4) k is the wavenumber = 2π/λ, λ the wavelength, ε the dielectric constant and a the particle equivalent radius. This relation is valid under the condition that ka < 1.
Using Mie solution to model the dusty media specific attenuation needs to know the dust dielectric constant and particles size. These parameters will be discussed in the following sections.
Islam et al. developed a model to predict the dust storm specific attenuation based on Mie approximation, which is given as in [17] :
where a e is the equivalent particle radius in meters, V the visibility in km, f the frequency in GHz, and x, y and z are constants whose values depend on the dust dielectric constant. The limitation of this model is that it used a single value for the dust particle radius to estimate the specific attenuation; generally, the dust equivalent radius varies over a wide range, as will be shown in this paper.
DUSTY MEDIA DIELECTRIC CONSTANT
Different values are reported in literature for the dielectric constant of dust. These values were measured by different techniques at different frequency bands and experimental conditions [18, 20] . Reviewing the reported dielectric constant values and the techniques used to obtain them, one can conclude that many of the measurements may be considered as inaccurate due to the technique used and the way adapted to prepare and collect the samples. In this study, the dielectric constant values shown in Table 1 are used to compute the dusty media specific attenuation. However, the values shown in Table 1 are seen to be the most accurate and reasonable values reported in the literature. Measurements on dust samples collected in Khartoum, Sudan, show that in air with 82% relative humidity, dust absorbs 5.1% by weight moisture [21] . Moisture content of dust seriously increases the dust dielectric constant [18] . The dust dielectric constant in air with H% relative humidity (ε H = ε H + jε H ) is as shown in [21] :
where ε + jε is the dry dust dielectric constant. In this paper, specific attenuation is computed at dry and humid dusty media. In humid dusty media, the relative humidly of the air is taken to be 80%. The dust dielectric constant at this humidity is presented in Table 1 .
The variation of the dielectric constant with frequency is shown in Figures 1(a) and 1(b) . The dust dielectric constants under humid media condition are estimated using the above values and equations. It is worth here to note that in general the dielectric constant spectrum is not continuous. It has peaks and drops at some frequencies. However, in this work a continuous dielectric constant is assumed.
DUST PARTICLE SIZE DISTRIBUTION
Many of the published works that concern with the prediction of dusty media specific attenuation suffer from the lack of information about dust particles size distribution (PSD), i.e., the fractional distribution of particles of different size. This parameter is essential in the prediction of the specific attenuation, as shown in the next section. The dust's particles-size distributions reported in literature [22] [23] [24] vary considerably, and a clear pattern can be predicted.
Measurements on ten dust samples collected from northern and central Sudan show that the dust PSD commutative curves, f (a), can be approximated to a high degree of accuracy by the straight line equation [25] ; i.e., f (a) = ς + a
where a is the equivalent radius of the dust particle. Figure 2 shows the PSD commutative probability function for two samples collected at Khartoum. Measurement shows that the constants ς and vary over a wide range. The value of ς is always within the range of 0.0258 to 0.392 microns, and has an average value of 0.0298 micron. On the other hand, the constant is always within the range of 0.3505 to −0.0141 and has an average value of −0.1198. The average equivalent radius of dust is found to vary from 0.2 to 18 microns, with an average value of 5.7 microns [21] . The results obtained for the Sudan mentioned above indicate that dust particles may have an equivalent radius a e (the radius of a circle the area equal to the area of two-dimensional projection of the particle) is in the range 0.1 < D < 150 microns. Haddad et al. [22] reported that dust samples collected in Iraq had a mean radius of 67 microns. This mean is large compared with the Sudan samples, which have a mean radius less than 25 microns. Bogland [23] pointed out that sand storms may contain particles with equivalent radius in the range from 40 to 150 microns, with an average value of 75 microns, while dust storms contain partic1es with radius less than 50 microns. Gillete [24] found that particles with radius less than 10 microns composed a small fraction of the airborne particles. Using (7), the particle number fraction distribution (or particle probability) function is given by:
where the constant is given by ξ = a max a min a max − a min (9) where a max is the largest radius and a min the smallest radius in the dusty medium. Measurement carried out by the present authors [25] shows that dust has a minimum average equivalent radius of 1.56 microns, and an average maximum diameter is 18.83 microns. Using these values, the number fraction distribution is given by:
DUSTY MEDIA SPECIFIC ATTENUATION
Generally, the attenuation due to dust storms can be explained in terms of scattering cross-section of a single particle [15] . The total attenuation, A T , introduced by dust storms over a link of length L is given by:
where A p is the dusty medium specific attenuation. This parameter depends on the total cross-section efficiency factor of the medium, σ t , and is given by:
where N (a)da is the number of dust particles whose equivalent radius lies between a and a + da, and σ t (a) is the total cross section efficiency factor of dust particles with equivalent radius a. n(a)da is the fraction of the total particles formed by the particles N (a)da; i.e., n(a)da = N (a)da/N T . By relating the number of dust particles to the particles number fraction distribution function and by using (10), one can write:
Using (3), the integral of the LHS of (13) becomes
where: Since the size of dust particles varies over a wide range [25] , the dust relative volume, v, is given by:
Using (10), one gets
Also the dust relative volume is related to the visibility, V , of the dusty media by [13] :
Using (16) and (17) the total number of dust particles in the media is related to media visibility by:
Substitute (14) and (18) in (13), the dusty media specific attenuation is given by:
where c 1 , c 2 and c 3 are constants and given by: Figure 3 shows the variations of these constant with frequency; it is clear that the constant c 3 is not sensitive to the frequency, while the constant c 1 is the most frequency dependent parameters. The dependency of these constants on the frequency is reduced at high frequencies.
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SPECIFIC ATTENUATION COMPUTATION
The mentioned model is used to predict the specific attenuation introduced by dust storms under different climatic conditions and visibilities. Figure 4 shows the variation of the specific attenuation parameter with frequencies over the range from 3 to 80 GHz, for different values of visibilities. It is clear that the attenuation increases with frequency, while reduced for good visibilities. Figure 5 shows the predicted values of the specific attenuation for dry and humid conditions, i.e., air with 80% humidity. The attenuation is determined for 1 km and 5 km visibilities. Although the dielectric constant of dust is seriously affected by humidity, the humidity effect on attenuation is negligible and can be ignored without affecting the link performance.
FURTHER COMMENT
Measurements were carried out at Khartoum on 15 km link operated at 13 GHz (Ku-band) with visibility less than 5 km, and at Riyadh, Saudi Arabia on 40 GHz microwave link of length 14 km [26, 27] . Figure 6 shows the measured values of the dust specific attenuation for visibility less than 5 km. In the same figure, the predicted values of the specific attenuation are given as predicted by the present model, Goldhirsh model, and Islam et al. model at 10 GHz frequency. It is clear that Islam model underestimates the specific attenuation values, due to the single radius value used in this model; the model computations are based on the average equivalent radius and do not take account of the variation in the dust particles radius. Goldhirsh model and the present model both gave prediction in good agreement with the measured values. However, the deviation of the models' results from the measured values may be due to the assumption of spherical particles on which these models are based. Generally, the shape of dust particles is random and cannot be described by any simple geometry [28] . It is worth to notice from the Figure 6 that there is a sharp drop of the measured data around visibility 1.3 km distinctly, and this drop may be because the attenuation is inversely proportional to the visibility, and the large particles disappear rapidly at visibility better than 1 km [5] . Figure 7 presents the specific attenuation as predicted by the present model and Goldhirsh model, at low frequencies less than 40 GHz, and the outcomes of the two models agree in a good manner. However, at higher frequency, the prediction obtained by Goldhirsh model is associated with a large deviation due to inherent limitation of the assumptions used in the Rayleigh scattering, i.e., the fields inside the particle are not properly modeled [15] .
In Sudan, the average total annum time visibility with value less than V m, F (V ) can be approximated by the following exponential function [5] : F (V ) is the time in hours of the annum, where visibility is less than a given visibility V . It is noted that from this relation, the visibility is less than 1 km for about 0.8% of the time per annum. Using this relation in (9), Figure 8 shows that the total percentage of annum time specific attenuation is less than A d (at X-band, i.e., 10 GHz frequency) in Sudan.
CONCLUSIONS
A mathematical model based on the Mie scattering approximation is developed to predict the specific attenuation introduced by dust storm, over microwave links. The model takes account of the variation in the radius of dust particles, found to have a straight line commutative distribution. Published values for dust dielectric constants in the frequency range of interest are used in the computations. The model outcomes are in good agreement with measured values. The values obtained by the models based on Rayleigh approximation, however, at high frequencies, are greater than 40 GHz, and the models based on Rayleigh approximation are associated with a large deviation due to inherent limitation of the assumptions used in Rayleigh scattering. The effect on the air humidity on the specific attenuation was found to be small and can be ignored. However, a more realistic model needs to take account of the large variation in dust particles size and geometry, which need more investigation and study.
